Reclaimed asphalt pavement (RAP) has many advantages and is utilized to improve the high temperature properties of asphalt mixtures. Low temperature cracking is a predominant distress in asphalt pavements containing RAP materials. Thus, the evaluation of fracture resistance for asphalt mixtures containing RAP is of interest. The objective of this research is to explore the low temperature performance characteristics of RAP mortars containing sieved RAP and soft binders at three aged states. The stiffness values and m-values from bending beam rheometer (BBR) tests at three test temperatures of −18 • C, −12 • C and −6 • C were obtained to conduct the minimum low temperature grades. RAP mortar with a higher aged binder content had a higher minimum low temperature regardless of RAP source. In addition, RAP mortars with virgin soft binder had the best low temperature resistance followed by the RAP mortars with rolling thin film oven (RTFO) and pressure-aged vessel (PAV) binders.
Introduction
Reclaimed asphalt pavement (RAP) is being broadly used as a component of asphalt mixture for new highway pavement. Many research studies indicate that there are plenty benefits of using RAP for the new asphalt mixture, including reduction of total cost in pavement construction, natural resource conservation, environment protection, and rutting resistance improvement [1] [2] [3] [4] .
In the U.S., the National Asphalt Pavement Association (NAPA) has tracked the use of RAP through annual industry surveys since 2009 and found that the utilization of RAP materials was clearly increasing [5] . In 2012, contractors in 12 states used less than 15% of their total tonnage to produce the new asphalt mixture for paving purposes [6] . This represents a total tonnage increase of 22% with respect to asphalt mixtures in terms of RAP applications from 2009 to 2012 in the U.S. (from 56 to 68.3 million tons) [5] .
Hong et al. [7] indicated that the resistance to rutting of hot mix asphalt (HMA) with 35% RAP was better compared to only virgin asphalt due to the incorporation of aged binder. Daniel et al. [8] found that the high-temperature performance grade remains the same or increases only one grade for the various RAP percentages. Attia and Abdelrahman [9] found that the effect of moisture on RAP is similar to the effect of moisture on granular material. Dynamic Shear Rheometer (DSR) testing A-F, respectively. These aged binder percentages were defined the ratio of burned aged binder to the total RAP before burning (in mass). It should be noted that the tested samples were produced with pure binder (PG 58-22 binder) and fine RAP mortar (filler and aged binder) in this study. In this research study, the base binders (virgin, rolling thin film oven (RTFO), and pressure-aged vessel (PAV)) blended with various sieved RAPs were used to produce RAP mortars, which were employed to fabricate the BBR beams. The trial and error procedures were performed to obtain the proper percentage of RAP (in terms of aged binder percentage). A percentage over 15% of aged binders was very stiff and could not be poured at a high temperature of over 165 • C. Therefore, in this study, a percentage of up to 15% aged binder (i.e., sieved RAP including 15% aged binder) was used to produce the modified mortar. The value of 15% was the ratio of the aged binder from RAP to the total binders (aged binder with pure soft binder). In addition, two more concentrations (5% and 10%) were utilized to help explore the performance characteristics of these mortars in this study.
The BBR test generally provides a low temperature measure of the stiffness and relaxation properties of an asphalt binder. The obtained results are typically used to provide an indication of an asphalt binder's ability to resist low temperature cracking. The creep stiffness of asphalt binder from the BBR test is usually as a function of time, which is a measure of the thermal stresses in the asphalt binder resulting from thermal contraction. A higher creep stiffness value indicates higher thermal stresses. Originally, the crucial values included creep stiffness values at 60 sand the slope of the master curve at 60 s, commonly defined the "m-value" in Superpave system.
In this study, three test temperatures of −18 • C, −12 • C, and −6 • C were utilized to test the stiffness/deflection values of various RAP mortars in terms of soft binder aging states. These stiffness values and m-values were used to determine the minimum low temperatures of these asphalt RAP mortars.
The virgin binder PG 58-28 was blended with RAP mortars concluding three aged binders (5%, 10% and 15%) from six RAP sources (A-F). The fabricated BBR samples were tested at three temperatures (−6 • C, −12 • C and −18 • C).
The Superpave criteria for characterizing low temperature cracking of an asphalt binder are based on the definition of a critical cracking temperature, which is the maximum temperature below which cracking occurs as a result of a single cooling cycle. Therefore, cracking would happen when an asphalt binder reached a critical stiffness value. This critical temperature is typically defined the limiting stiffness temperature.
The Superpave binder specification uses BBR to measure the stiffness of asphalt binder at specified temperatures. The temperature at which the stiffness value of an asphalt binder exceeds 300 MPa is called the limiting stiffness temperature. Meanwhile, to address various cooling rates, the slope of the creep curve (denoted as m) is also included in the binder specification. The temperature at which the m value drops below 0.30 is a factor in determining the limiting stiffness. For most asphalt binders the m-value is a controlling value for defining the limiting stiffness temperature. Figure 1 showed the main stiffness values and m-values results at −6 • C. As shown in Figure 1 , it can be found that, as expected, the stiffness values of RAP mortars with virgin binder generally decrease while m-values increase when the loading duration increases with logarithmic trends regardless of RAP source. In addition, the stiffness values and m-values of the RAP mortars, which were blended from virgin binder and RAP mortar, cannot be achieved when using 5% aged binder because these RAP mortars are too soft at the testing temperature of −6 • C. Figure 1 showed the main stiffness values and m-values results at −6 °C. As shown in Figure 1 , it can be found that, as expected, the stiffness values of RAP mortars with virgin binder generally decrease while m-values increase when the loading duration increases with logarithmic trends regardless of RAP source. In addition, the stiffness values and m-values of the RAP mortars, which were blended from virgin binder and RAP mortar, cannot be achieved when using 5% aged binder because these RAP mortars are too soft at the testing temperature of −6 °C. A higher percentage of aged binder results in a higher stiffness value and a lower m-value regardless of test duration and RAP source in Figure 1 . Meanwhile, in terms of the stiffness values and m-values of RAP mortars A-F, it is noted that these values are significantly different at a same test time. The reason is that the aged binders from all RAP sources vary.
Results and Discussions

RAP Mortars with Virgin Soft Binder
Stiffness Values and m-Values
Other stiffness values and m-values of RAP mortars (A-F) and virgin binder at −12 • C and −18 • C are not shown in this paper due to the limitation of paper length. Generally similar trends can be found regardless of RAP source and test temperature in this study. Figure 2 shows the minimum low temperatures at a stiffness value of 300 MPa in terms of various RAP mortars blended with virgin binder PG 58-22. It can be found that an increased test temperature reduces the stiffness value of RAP mortars. In addition, a higher involved aged binder significantly results in a greater stiffness value regardless of test temperature and RAP source. Meanwhile, it can be seen that, irrespectively of RAP source, the RAP mortars containing 5% aged binder have stiffness values less than 300 MPa at the lowest temperature of −18 • C in this study. Therefore, these minimum low temperatures are definitely less than −18 • C. A higher percentage of aged binder results in a higher stiffness value and a lower m-value regardless of test duration and RAP source in Figure 1 . Meanwhile, in terms of the stiffness values and m-values of RAP mortars A-F, it is noted that these values are significantly different at a same test time. The reason is that the aged binders from all RAP sources vary.
Low Temperature Determinations of RAP Mortars
Other stiffness values and m-values of RAP mortars (A-F) and virgin binder at −12 °C and −18 °C are not shown in this paper due to the limitation of paper length. Generally similar trends can be found regardless of RAP source and test temperature in this study. Figure 2 shows the minimum low temperatures at a stiffness value of 300 MPa in terms of various RAP mortars blended with virgin binder PG 58-22. It can be found that an increased test temperature reduces the stiffness value of RAP mortars. In addition, a higher involved aged binder significantly results in a greater stiffness value regardless of test temperature and RAP source. Meanwhile, it can be seen that, irrespectively of RAP source, the RAP mortars containing 5% aged binder have stiffness values less than 300 MPa at the lowest temperature of −18 °C in this study. Therefore, these minimum low temperatures are definitely less than −18 °C. Additionally, Figure 2 indicates that, when the RAP mortars with 10% aged binder generally have a stiffness value of 300 MPa, their corresponding low temperatures are typically less than −12 • C. However, when the used aged binder is greater than 15%, the minimum low temperature is usually greater than −12 • C.
The minimum low temperature determinations of the RAP mortars with PG 58-28 with respect to m-values are shown in Figure 3 . It can be observed that the m-values are greater than 0.300 at a temperature greater than −18 • C regardless of RAP source and aged binder content because the virgin binder PG 58-28 is generally quite soft. Therefore, the low temperatures of these RAP mortars were mainly determined by the stiffness values of these binders.
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Additionally, Figure 2 indicates that, when the RAP mortars with 10% aged binder generally have a stiffness value of 300 MPa, their corresponding low temperatures are typically less than −12 °C. However, when the used aged binder is greater than 15%, the minimum low temperature is usually greater than −12 °C.
The minimum low temperature determinations of the RAP mortars with PG 58-28 with respect to m-values are shown in Figure 3 . It can be observed that the m-values are greater than 0.300 at a temperature greater than −18 °C regardless of RAP source and aged binder content because the virgin binder PG 58-28 is generally quite soft. Therefore, the low temperatures of these RAP mortars were mainly determined by the stiffness values of these binders. In order to obtain the minimum low temperatures of various RAP mortars from various RAP sources and aged binder contents, Table 2 presents the minimum low temperatures based on those determined values from the stiffness values and m-values, derived from the conducted regression analysis. A higher temperature was selected as a minimum low temperature in this study because this would be able to satisfy the demand of the asphalt binder to resist the pavement cracking at a low performance temperature. In order to obtain the minimum low temperatures of various RAP mortars from various RAP sources and aged binder contents, Table 2 presents the minimum low temperatures based on those determined values from the stiffness values and m-values, derived from the conducted regression analysis. A higher temperature was selected as a minimum low temperature in this study because this would be able to satisfy the demand of the asphalt binder to resist the pavement cracking at a low performance temperature. As shown in Table 2 , it can be seen that the minimum low temperatures are generally close to −12 • C for all RAP mortars when using 5% aged binder. However, these minimum low temperatures rise to approximately −6 • C when 15% aged binder was utilized to produce the BBR samples. Obviously, the increase of aged binder results in the remarkable increase of minimum low temperatures of these RAP mortars. Additionally, the RAP source only has a slight impact on the minimum low temperatures when using a higher aged binder content, but had a medium influence as lower aged binders were employed. As shown in Table 2 , it can be seen that the minimum low temperatures are generally close to −12 °C for all RAP mortars when using 5% aged binder. However, these minimum low temperatures rise to approximately −6 °C when 15% aged binder was utilized to produce the BBR samples. Obviously, the increase of aged binder results in the remarkable increase of minimum low temperatures of these RAP mortars. Additionally, the RAP source only has a slight impact on the minimum low temperatures when using a higher aged binder content, but had a medium influence as lower aged binders were employed. 
RAP Mortars
RAP Mortars Mixed with RTFO Binder
Stiffness Values and m-Values of RAP Mortars
This section presents the test results of the RAP mortars mixed with various RAP sources and a short-term aged (RTFO) binder of PG 58-28. The fabricated BBR samples were tested at three temperatures (−6 °C, −12 °C, and −18 °C). The main test results are shown in Figure 4 . As shown in Figure 4 , it can be found that, at −6 °C, all RAP mortars mixed with sieved RAP and RTFO aged PG 58-28 binder showed increased m-values and the decreased stiffness values during a loading process. It is also noted that, as expected, RAP mortars with a higher aged binder content containing the aged soft binder have a higher stiffness and a lower m-value, following logarithmic trends regardless of RAP source and test time. In addition, different from the RAP mortars mixed with virgin binder PG 58-28, the RAP mortar with a 5% aged binder mixed with RTFO binder can show stiffness values and m-values during a loading procedure. Moreover, these stiffness values are significantly higher compared to those values of the modified binders mixed with virgin binder due to the RTFO aged binders.
Low Temperature Determinations of RAP Mortar
The previous data indicated that the cracking resistance at a low temperature of a modified binder is based on the stiffness and m-values at various test temperatures. In this section, the minimum low temperature determinations of the RAP mortars mixed with RAPs (A-F) and RTFO binders are summarized.
In Figure 5 , it can be found that the RAP mortar with a higher aged binder content has a higher low temperature when its stiffness value is 300 MPa. In other words, the aged binder results in a higher stiffness regardless of RAP type. However, various RAP mortars generally have different low temperature values, dependent on RAP type. As shown in Figure 4 , it can be found that, at −6 • C, all RAP mortars mixed with sieved RAP and RTFO aged PG 58-28 binder showed increased m-values and the decreased stiffness values during a loading process. It is also noted that, as expected, RAP mortars with a higher aged binder content containing the aged soft binder have a higher stiffness and a lower m-value, following logarithmic trends regardless of RAP source and test time. In addition, different from the RAP mortars mixed with virgin binder PG 58-28, the RAP mortar with a 5% aged binder mixed with RTFO binder can show stiffness values and m-values during a loading procedure. Moreover, these stiffness values are significantly higher compared to those values of the modified binders mixed with virgin binder due to the RTFO aged binders.
In Figure 5 , it can be found that the RAP mortar with a higher aged binder content has a higher low temperature when its stiffness value is 300 MPa. In other words, the aged binder results in a higher stiffness regardless of RAP type. However, various RAP mortars generally have different low temperature values, dependent on RAP type. As shown in Figure 4 , it can be found that, at −6 °C, all RAP mortars mixed with sieved RAP and RTFO aged PG 58-28 binder showed increased m-values and the decreased stiffness values during a loading process. It is also noted that, as expected, RAP mortars with a higher aged binder content containing the aged soft binder have a higher stiffness and a lower m-value, following logarithmic trends regardless of RAP source and test time. In addition, different from the RAP mortars mixed with virgin binder PG 58-28, the RAP mortar with a 5% aged binder mixed with RTFO binder can show stiffness values and m-values during a loading procedure. Moreover, these stiffness values are significantly higher compared to those values of the modified binders mixed with virgin binder due to the RTFO aged binders.
In Figure 5 , it can be found that the RAP mortar with a higher aged binder content has a higher low temperature when its stiffness value is 300 MPa. In other words, the aged binder results in a higher stiffness regardless of RAP type. However, various RAP mortars generally have different low temperature values, dependent on RAP type. In accordance with m-values of the RAP mortars, it can be noted that, in Figure 6 , in some cases, m-values are greater than 0.300 when the test temperature is lower than −18 °C. Therefore, these RAP mortars can resist a low temperature of −18 °C or even lower. In addition, it can be noted that a higher aged binder content results in a higher low temperature regardless of RAP type. In accordance with m-values of the RAP mortars, it can be noted that, in Figure 6 , in some cases, m-values are greater than 0.300 when the test temperature is lower than −18 • C. Therefore, these RAP mortars can resist a low temperature of −18 • C or even lower. In addition, it can be noted that a higher aged binder content results in a higher low temperature regardless of RAP type. In accordance with m-values of the RAP mortars, it can be noted that, in Figure 6 , in some cases, m-values are greater than 0.300 when the test temperature is lower than −18 °C. Therefore, these RAP mortars can resist a low temperature of −18 °C or even lower. In addition, it can be noted that a higher aged binder content results in a higher low temperature regardless of RAP type. The minimum low temperatures of various RAP mortars mixed with various RAP sources and aged binder contents are shown in Table 3 . It can be observed that the low temperatures derived from the conducted regression analysis were summarized from stiffness values and m-values. As before, a higher temperature was selected as a minimum low temperature in this study because this could satisfy the demand of the asphalt binder to resist the pavement cracking. The minimum low temperatures of various RAP mortars mixed with various RAP sources and aged binder contents are shown in Table 3 . It can be observed that the low temperatures derived from the conducted regression analysis were summarized from stiffness values and m-values. As before, a higher temperature was selected as a minimum low temperature in this study because this could satisfy the demand of the asphalt binder to resist the pavement cracking. The minimum low temperatures of various RAP mortars mixed with various RAP sources and aged binder contents are shown in Table 3 . It can be observed that the low temperatures derived from the conducted regression analysis were summarized from stiffness values and m-values. As before, a higher temperature was selected as a minimum low temperature in this study because this could satisfy the demand of the asphalt binder to resist the pavement cracking. 
RAP Mortar
Low Temperature Determinations of Mortar
Similar to virgin and RTFO binders, the stiffness values and m-values of the RAP mortars mixed with PAV binder can determine the minimum low temperatures of various binders with a specified value of stiffness equaling to 300 MPa and a m-value of 0.300. These determined values can be found in Figure 8 . 
Similar to virgin and RTFO binders, the stiffness values and m-values of the RAP mortars mixed with PAV binder can determine the minimum low temperatures of various binders with a specified value of stiffness equaling to 300 MPa and a m-value of 0.300. These determined values can be found in Figure 8 . In addition, these minimum low temperatures also can be determined by the m-values of these RAP mortars, based on the m-values greater than 0.300. As expected, Figure 9 indicates that the RAP mortars blended with PAV aged PG 58-28 binder and a lower aged binder have higher m-values. In addition, a higher test temperature results in a greater m-value. Table 4 summarized the minimum low temperatures of various RAP mortars mixed with various RAP sources and aged binder contents, derived from the conducted regression analysis. As described before, a higher temperature was selected as a minimum low temperature in this study because this could satisfy the demand of the asphalt binder to resist the pavement cracking. Obviously, these minimum low temperatures from PAV binders are higher than those minimum low temperatures from RTFO binders, followed by those values from virgin binders. In addition, these minimum low temperatures also can be determined by the m-values of these RAP mortars, based on the m-values greater than 0.300. As expected, Figure 9 indicates that the RAP mortars blended with PAV aged PG 58-28 binder and a lower aged binder have higher m-values. In addition, a higher test temperature results in a greater m-value. Table 4 summarized the minimum low temperatures of various RAP mortars mixed with various RAP sources and aged binder contents, derived from the conducted regression analysis. As described before, a higher temperature was selected as a minimum low temperature in this study because this could satisfy the demand of the asphalt binder to resist the pavement cracking. Obviously, these minimum low temperatures from PAV binders are higher than those minimum low temperatures from RTFO binders, followed by those values from virgin binders. In addition, these minimum low temperatures also can be determined by the m-values of these RAP mortars, based on the m-values greater than 0.300. As expected, Figure 9 indicates that the RAP mortars blended with PAV aged PG 58-28 binder and a lower aged binder have higher m-values. In addition, a higher test temperature results in a greater m-value. Table 4 summarized the minimum low temperatures of various RAP mortars mixed with various RAP sources and aged binder contents, derived from the conducted regression analysis. As described before, a higher temperature was selected as a minimum low temperature in this study because this could satisfy the demand of the asphalt binder to resist the pavement cracking. Obviously, these minimum low temperatures from PAV binders are higher than those minimum low temperatures from RTFO binders, followed by those values from virgin binders. 
Minimum Low Temperature Comparisons
The minimum low temperature results of RAP mortars containing virgin binder, RTFO binder and PAV binder simulate the low temperature resistances of RAP mixture during and after construction and after long-term performance, respectively. As shown in Figure 10a , minimum low temperatures of RAP mortars with 5% aged binder and virgin soft binder are generally less than −18 °C, but these low temperatures are only less than −12 °C when blended with RTFO and PAV binders. Thus, as expected, the short-and long-term aging procedures can result in the increase of minimum low temperatures regardless of RAP type.
Similarly, as shown in Figure 10b ,c, it can be noted that when using 10% and 15% aged binders, the RAP mortars with virgin soft binder have the best low temperature resistance, followed by the RAP mortars with RTFO and PAV binders. Therefore, it is necessary to use soft binder to modify the RAP mixture to achieve a better low temperature resistance. 
The minimum low temperature results of RAP mortars containing virgin binder, RTFO binder and PAV binder simulate the low temperature resistances of RAP mixture during and after construction and after long-term performance, respectively. As shown in Figure 10a , minimum low temperatures of RAP mortars with 5% aged binder and virgin soft binder are generally less than −18 • C, but these low temperatures are only less than −12 • C when blended with RTFO and PAV binders. Thus, as expected, the short-and long-term aging procedures can result in the increase of minimum low temperatures regardless of RAP type.
Conclusions
The RAP mortars containing six RAP sources blending one soft binder at three aging states were investigated with respect to their stiffness and m-values at three minimum test temperatures of −6 °C, −12 °C, and −18 °C. The following conclusions can be drawn:
1. For the sieved RAP containing a high percentage of aged binder over 15% it was generally not easy to conduct the BBR test, and thus it was recommended to use a low-aged binder of less than 15%. 2. The conducted BBR tests for RAP mortars were effective and no modifications were needed to test RAP mortars, which were combined with sieved fine RAP and asphalt binder. 3. The stiffness values and m-values at 60 s from BBR tests could be utilized to explore the minimum low temperatures based on the stiffness value of 300 MPa and m-value of 0.300. 4. RAP mortar with a higher aged binder content had a higher minimum low temperature regardless of RAP source. RAP mortars with virgin soft binder had the best low temperature resistance followed by the RAP mortars with RTFO and PAV binders.
5. The source of RAP did not play a crucial role in determining the low temperature performance characteristics of RAP mortars. 
The RAP mortars containing six RAP sources blending one soft binder at three aging states were investigated with respect to their stiffness and m-values at three minimum test temperatures of −6 • C, −12 • C, and −18 • C. The following conclusions can be drawn:
1.
For the sieved RAP containing a high percentage of aged binder over 15% it was generally not easy to conduct the BBR test, and thus it was recommended to use a low-aged binder of less than 15%. 2.
The conducted BBR tests for RAP mortars were effective and no modifications were needed to test RAP mortars, which were combined with sieved fine RAP and asphalt binder.
3.
The stiffness values and m-values at 60 s from BBR tests could be utilized to explore the minimum low temperatures based on the stiffness value of 300 MPa and m-value of 0.300. 4.
RAP mortar with a higher aged binder content had a higher minimum low temperature regardless of RAP source. RAP mortars with virgin soft binder had the best low temperature resistance followed by the RAP mortars with RTFO and PAV binders.
5.
The source of RAP did not play a crucial role in determining the low temperature performance characteristics of RAP mortars.
